We report on the magnetic properties of Fe and Co adatoms on a Cu2N/Cu(100)-c(2 × 2) surface investigated by x-ray magnetic dichroism measurements and density functional theory (DFT) calculations including the local coulomb interaction. We compare these results with properties formerly deduced from STM spin excitation spectroscopy (SES) performed on the individual adatoms. In particular we focus on the values of the local magnetic moments determined by XMCD compared to the expectation values derived from the description of the SES data.The angular dependence of the projected magnetic moments along the magnetic field, as measured by XMCD, can be understood on the basis of the SES Hamiltonian. In agreement with DFT, the XMCD measurements show large orbital contributions to the total magnetic moment for both magnetic adatoms.
We report on the magnetic properties of Fe and Co adatoms on a Cu2N/Cu(100)-c(2 × 2) surface investigated by x-ray magnetic dichroism measurements and density functional theory (DFT) calculations including the local coulomb interaction. We compare these results with properties formerly deduced from STM spin excitation spectroscopy (SES) performed on the individual adatoms. In particular we focus on the values of the local magnetic moments determined by XMCD compared to the expectation values derived from the description of the SES data.The angular dependence of the projected magnetic moments along the magnetic field, as measured by XMCD, can be understood on the basis of the SES Hamiltonian. In agreement with DFT, the XMCD measurements show large orbital contributions to the total magnetic moment for both magnetic adatoms. Single magnetic atoms adsorbed on nonmagnetic surfaces enable fundamental insights into the origins of magnetic properties [1, 2] and have the potential of long relaxation times of magnetic states that can be used for quantum information processing or storage [3, 4] . To investigate such systems, x-ray magnetic circular dichroism (XMCD) is a well established technique that allows us to determine element specifically the spin (m S ), dipole (m D ), and orbital (m L ) moments and their anisotropies [5, 6] . The dipole moment reflects the inhomogeneous spin density distribution within the atom which influences the transition matrix elements in the XMCD sum rules [5] . Compared to atomic dimensions XMCD is a spatially averaging technique. However, due to its high sensitivity, ensembles of individual adatoms can be probed at coverages where the adatoms are sufficiently distant from one another such that their mutual interactions become negligible [7, 8] .
For individual atoms or molecules, spin-excitation spectroscopy (SES) with a scanning tunneling microscope (STM) enables access to magnetic properties like the gyromagnetic ratio (g) and magnetic anisotropies [2, . These studies have been made on magnetic impurities with very different degrees of hybridization with the sub- * Physical Review B 92, 184406 strate, ranging from direct contact with metals, semiconductors, and superconductors, to adatoms adsorbed on thin insulating films or graphene decoupling layers.
In the vast majority of cases, the SES results were discussed on the basis of an effective spin Hamiltonian using an atomic picture that has the form [15] :
This description is well established in the field of electron spin resonance (ESR) [30, 31] and molecular magnets [32] and typically used for systems where the local moments are well protected from hybridization with the conduction electrons of a metal. STM studies are naturally limited to conductive systems in which the electronic transport through the adatoms or molecules to the substrate is significant. This may alter the properties of the system and questions the use of an atomic description for its excitations motivating alternative models [19] . Nevertheless, the described spin Hamiltonian reproduces the energies and amplitudes of the observed SES conductance steps in detail [16, 33] . It seems reasonable to assume that on the energy scale of the spin excitations the moments of the impurity and its surrounding are sufficiently strongly coupled to behave as one single magnetic moment. In this case SES detects the integrated spin moment with a weighted average anisotropy. Contrary XMCD, measuring intraatomic transitions, only detects the moments carried by d-electrons localized on the impurity itself, due to the nature of the core excitation. In an external magnetic field it is however the total magnetic moment that determines the alignment of the moment of the impurity along the field direction. Therefore SES and XMCD are expected to probe different quantities that nevertheless show the same dependence on strength and orientation of the magnetic field and the magnetic anisotropy of the system.
Here we investigate Fe and Co monomers on Cu 2 N/Cu(100)-c(2 × 2) with XMCD and spin-resolved density functional theory (DFT) and compare it to published STM-SES data [15, 24] . On one hand we find that the angular dependence of the XMCD is in good agreement with the extrapolated angular dependence from the SES results. On the other hand we find significant orbital magnetic moments and comparably small spin moments localized on the adatom. This illustrates the influence of the adatoms orbital moment and the induced moments of the environment on the SES spectra.
Experimental details:
To properly interpret the XMCD ensemble measurements it is important to know the adsorption sites of the adatoms on Cu 2 N and their occupation statistics, which we obtained from additional STM experiments. For both Fe and Co, we find the three adsorption sites depicted in Fig. 1 . The two chemically identical sites (1a, 1b) are atop Cu atoms and distinguish themselves by the orientation of the two next nearest N neighbors. The third site (2) is atop N atoms and thus with fourfold in-plane symmetry. The fourth possible site, the fourfold Cu hollow, is not occupied.
The two chemically inequivalent sites are distinctly different concerning their spectroscopic features in STS. The atop Cu sites show the spin excitations discussed in literature [15, 24] , while adatoms atop N display no low energy spectroscopic features. We find that 66 ± 3 % of the Fe atoms deposited on the Cu 2 N show the SES spectra typical for the atop Cu sites, in excellent agreement with statistical adsorption. 23 ± 2 % of the atoms show no spectroscopic features as typical for atop N sites. For about 10 % of the adatoms found on the surface we could not identify the adsorption site from the STS spectra. For simplicity, we consider an equal share of all three possible adsorption sites as expected for statistical adsorption. Based on our experience with Co on Cu 2 N, we know that the same adsorption sites as for Fe are populated with similar occurrence. We therefore also assume that Co adatoms exhibit equal adsorption site partition. A recent study has shown that for Co atop Cu the anisotropy changes for adatoms located in the center of exceptionally large Cu 2 N islands compared to adsorption sites on either the rim region of such islands or on islands with typical dimensions below 10 nm [23] . We neglect such deviations due to the very small relative abundance of those adatoms. Co adsorbed atop Cu sites is a Kondo system [24] . However its Kondo temperature of T K = 2.6 K is lower than the XMCD measurement temperature of 8 K, and therefore the Kondo screening of this species is expected to be very weak and will be equally neglected in the following.
The XMCD spectra were obtained in the total electron yield mode at the beam line ID08 of the European synchrotron radiation facility (ESRF). The x-ray beam and magnetic field are parallel and form an angle θ with the sample normal [see inset Fig. 3(a) ]. All x-ray measurements have been performed with the sample at the base temperature of this set up of 8 K. The sample has been oriented such that the projection of the in-plane magnetic field direction is almost parallel (within 10
• ) to the crystalline [001] direction. For the sum rule analysis [5, 6] one typically normalizes the measured dichroism to the total isotropic absorbtion to determine the absolute values of the magnetic moments. We have used the common approximation I iso = coming circularly polarized x-rays. In linear dichroism measurements we find that the energy integrated dichroism of Fe is almost vanishing while for Co it is not (see also the appendix). From these findings we conclude that the above approximation is valid for Fe, while for Co we will under(over)estimate the values along θ = 0 • (70 • ). The resulting error is included in the given error bars. The Cu(100) substrate was prepared by cycles of Ar sputtering at 300 K followed by 10 min annealing at 820 K. Cu 2 N/Cu(100)-c(2×2) was grown by N sputtering (1 keV, p N2 = 2 × 10 −5 mbar, 4 min, 300 K) and annealing to about 600 K for 2 min. These conditions yield a self-limited coverage very close to a complete Cu 2 N monolayer (ML) [34] . The quality of the Cu 2 N films have been checked with STM and low energy electron diffraction. Fe and Co have been evaporated from high purity rods onto the sample held at below 10 K, a temperature where thermal diffusion is inhibited resulting in statisti- cal growth [35] . The deposition flux has been calibrated from x-ray absorption intensities and cross-checked by room temperature STM measurements of Fe and Co deposited on Cu(100). The coverage in this paper is given in monolayers (ML) of adsorbates with respect to the underlying Cu(100) surface, i.e. 1 ML corresponds to one Fe or Co atom per Cu-surface atom.
Density functional theory:
The DFT calculation of the magnetic moments and of the magnetic anisotropies were performed on a supercell of three Cu(100) layers, a Cu 2 N-c(2 × 2) monolayer, and the Fe and Co adatoms followed by four empty Cu layers modeling the vacuum [36] . Figure 2 shows ball models of the supercells employed for the adsorbates atop of Cu (a) and atop of N (b). The structure relaxation was performed employing the VASP code [37] [38] [39] . The adatomsubstrate distance as well as the atomic positions within the Cu 2 N layer were allowed to relax.
The magnetic properties of the 3d adsorbates are strongly influenced by relativistic and electron correlation effects. The former are accounted for by implement- Fig 1, i.e., x and y refer to the vacancy and to the N direction, respectively. Note that for reasons of consistency within this paper the axes are different compared to Refs. [15, 24] . The units are Bohr magnetons. U = 2(2) eV and J = 0.91(0.84) eV for Co (Fe) have been used in LSDA+U calculations.
ing the local spin-density approximation (LSDA) in the relativistic version of the full-potential linearized augmented plane-wave method (FP-LAPW) [40] in which spin-orbit coupling (SOC) is included in a self-consistent second-variational procedure [41] . To account for the electron correlation we used LSDA+U that adds an energy of a multiorbital Hubbard type and subtracts a double-counting term for the part of the electron-electron interaction energy already included in LSDA. In total this gives the relativistic version of the LSDA+U method implemented in the FP-LAPW basis [42] with which we calculated the spin m S , orbital m L , and 7m D dipole magnetic moments for the Fe and Co adatoms at T =0. We used first order perturbation theory to derive from the orbital anisotropies theoretical values for the magnetocrystalline anisotropies K = −ξ/4 ∆m L , where ξ denotes the SOC constant of the d states [43] . We took ξ Co = 79 meV and ξ Fe = 65 meV. In order to compare these calculated anisotropy values with the numbers derived from the SES measurements, we renormalized K by S 2 with S = 3/2 for Co [24] and S = 2 for Fe [15] to compute the D and E values shown in Table I . We have made these calculations with different flavors of LSDA+U (the fully localized and around-mean-field limits) and different values of U . We have then chosen the one that had best agreement with the anisotropy values measured with SES on the atop Cu binding sites. The comparison with the XMCD data is therefore performed without additional fitting parameters in the theory. For atop N sites no spin excitations are observed, thus no information on the magnetic properties of the adatom on this adsorption site can be obtained from SES. Therefore we rely entirely on theory for these values. Fortunately, the most important quantity for the simulations, the calculated anisotropy, was always found to be strongly out-of-plane independent of the flavor of the LSDA+U. The DFT results for the magnetic moments along out-of-plane (z) and in-plane directions are shown in Table II .
The calculated spin moments on both magnetic adatoms are much smaller than the values of the effective SES spin operator [15, 24] . In addition, large orbtial magnetic moments are found. Note that the calculated spin moments are rather isotropic compared to the orbital moments. Finally, we find that m D = 0, which is in agreement with previous studies of low dimensional systems with large spin-orbit coupling terms [44, 45] . spectral features indicating that the electronic coupling of the adatoms to the metallic states of the Cu(100) substrate is significantly reduced by the Cu 2 N layer. This is in agreement with the reported low conductance through the nitride monolayer decreasing the spin scattering between the magnetic atom and substrate electrons [21] .
As visible from the magnetization curves in the insets of Fig. 3(b) and 4(b), both systems cannot be saturated with the available maximum field of 5 T at the sample temperature of 8 K. Therefore the absolute saturation values of spin and orbital moments cannot be determined from XMCD alone. However, we can determine the anisotropy of the spin and dipole moment from the sum rules [5, 6] Table III . For both Fe and Co the orbital contributions to the magnetic moments are rather large and exhibit a significant anisotropy.
Discussion:
To compare our results to the SES data, it is important to recall some of the fundamental properties of the spin Hamiltonian. Within an atomic picture the magnetic • as well as ratio of orbital moment to the sum of spin and dipole moment from the sum rules analysis of the XMCD data shown above.
properties of the adatom can be described by a spin and orbital moment, coupled via spin-orbit coupling, in the presence of a crystal (or ligand) field [30, 46] . For 3d impurities the latter can be expected to be the leading energy term. To describe the spin excitations of the system, for example in ESR, a perturbative approach yields the effective spin Hamiltonian in which the orbital moments are included in an (anisotropic) g value different from 2, within the anisotropy constants and within the multiplicity of the moment operator [30, 46] . The effective spin operator enters in two respects. Its value reflects the possible transitions in the excitation spectrum of the magnetic system [30, 31] ; it also enters in the Zeeman term, and therefore the product of gS reflects the magnetic susceptibility [30, 31] .
In this respect it is interesting to note that SES is rather sensitive to the multiplicities of the operator, because the spin excitation spectra change significantly betweenŜ being integer or not. From our DFT calculations we derive the number of d electrons localized in the adatoms to be very close to 7 (6) for Co (Fe) (within 1% for both),which seems to suggest that the value of the spin operator is simply given by the spin of the free atom, but of course the presence of spin orbit coupling as well as of the hybridization to the surface strongly alter this picture, as can for example be seen from the values of the magnetic moments given by the DFT calculations.
Concerning the Zeeman energy we have to compare the magnetic moments to the values of gŜ (with a g value different from 2) determined in SES. The SES values are gŜ = 3.29 ± 0.13 µ B for Co, and 4.22 ± 0.10 µ B for Fe [15, 24] , which is significantly larger than the spin moments of 1.77 µ B and 2.78 µ B calculated by DFT. Considering the calculated total spin moment in the supercell (2.42 µ B for Co and 3.58 µ B for Fe) and adding the orbital moments [up to 0.53 (0.47) µ B for Co (Fe)], one finds values of the total moment that are close to the values suggested from the spin Hamiltonian description, though in the calculations even these moments remain below the SES values.
We now combine the DFT results with the ones from SES to establish the closest possible comparison with XMCD. As mentioned before, in the XMCD measurements the moments are not saturated. Thus the different species have different degrees of saturation and therefore contribute differently to the ensemble average values measured in XMCD. The spin Hamiltonian described above can be used to calculate the degree of saturation under the experimental conditions used in the XMCD measurements. For given values ofŜ, g, D, and E and magnetic field, we calculate the eigenstatesŜ i and their energies ξ i from the Hamiltonian. The expectation value of the spin operator for a given temperature is then given by a Boltzmann weighted average of these eigen-
The resulting degree of saturation Ŝ /S is a measure of the contribution of the moments of this particular species to the ensemble average. We thus weight the m L and m S + 7 m D derived from DFT with the Ŝ /S value for each species. Finally we average over the three adsorption sites to derive the average value of m L and m S + 7 m D that can be compared to the XMCD results. One ambiguity using the DFT values in the spin Hamiltonian is the question of which moment operator to use, in particular for atop N sites, where no SES data is available. To start with, we have used the spin operator found in the SES measurements for the atop Cu sites also for the atop N site. Using the values of g, D, and E from SES for the atop Cu sites and from DFT for the atop N site, as well as the spin and dipole moment of both adsorption sites from DFT, we calculate from the spin Hamiltonian • shows significant deviations between the XMCD measurements and the analysis based on the spin Hamiltonian. We consider this level of agreement to be very good taking into account the uncertainties of some of the values used. We note that this model is not a unique solution in the sense that other combinations of parameters (anisotropies and moments) will reproduce the XMCD results at the same or an even better level. Nevertheless finding such a level of agreement between XMCD, DFT, and SES using one common description is rather satisfactory. As discussed in the appendix this agreement is also found for different values of the initial spin operator used.
As discussed above, the values of the magnetic moments found in the Zeeman term of the SES description can to a good extent be accounted for in the DFT calculations by considering all moment contributions, spin and orbital moments on the adatom, as well as induced moments of the surrounding. To this end, we determine the (unsaturated) moments localized on the adatoms from XMCD using the number of d holes from the calculations.
We find for Co (m S + 7 m D ) = 1.44 ± 0.14 (0.79 ± 0.14) for θ = 0
• (70 • ). For Fe these values are 1.69 ± 0.18 (1.39 ± 0.14).
If the value of the spin operator would reflect the size of the spin moment localized on the adatom, we would expect values of (m S + 7 m D ) = 1.75(1.02) for Co and 2.82(2.05) for Fe from our estimations using the spin Hamiltonian [51] . In both cases, in particular for Fe, the calculated values are far larger than the measured ones. The above discrepancy is a clear indication that the orbital moments and the induced moments in the neighboring Cu and N atoms also contribute to the moment operator, as also suggested in DFT. Though it is well known that for example in the ESR the moment operator should be considered as an "effective spin" operator only [30, 31] , the above comparison clearly illustrates that this also holds true for the interpretation of SES data.
As pointed out before, neither Fe nor Co adatoms atop N sites show spectroscopic features that can be related to spin excitations in SES. Using the above Hamiltonian, that explains both energies and transition intensities measured in SES spectra for the atop Cu sites, the absence of spin excitations can only be explained by either a small relative cross section of the excitation or with the absence of magnetic moments on this adsorption site. Following the above routine, but assuming no magnetic moment on the atop N site, results in the following values for Co (Fe):
• ) = 0.22 (0.07). As can be seen from these numbers, the level of disagreement with the XMCD values is significant, even for instance predicting the wrong sign of anisotropy for Fe. We conclude that both Fe and Co have significant magnetic moments on the atop N adsorption site. In return, this raises the question of what determines the cross section of spin excitations in SES experiments [47] .
In conclusion, we have presented a combined XMCD and DFT study of the magnetic properties of Fe and Co monomers on Cu 2 N, which we compare to published SES results of these systems. We are able to describe the results of these three very different approaches on one common basis. In particular the anisotropy constants determined with SES are in qualitative agreement with the angular dependence of the spin moments determined from XMCD. Both XMCD and DFT show that both adatoms have rather large orbital magnetic moments. The above mentioned agrement can only be found when considering the contributions of those orbital moments, as well as of the induced moments of the surrounding. In addition our results indicate large magnetic moments on the Co and Fe adatoms atop N sites albeit no magnetic excitations have yet been observed on these species. C. F. H. acknowledges funding from EPSRC grant EP/D063604/1. A.B.S. acknowledges support from the Czech Science Foundation (GACR)Grant No. 15-07172S, and access to computing and storage facilities of the National Grid Infrastructure MetaCentrum was provided under the program LM2010005.
APPENDIX:
Within the appendix we give further details on the DFT calculations, the used spin Hamiltonian and the influence of the value of the moment operator on the
values to which the XMCD measurements are compared. In addition we show x-ray adsorbtion spectra measured with linear polarized light.
DFT calculations
In order to check the possible influence of the size of the model on the obtained results, we altered the lateral extent of the supercell used in the calculations. Figure 5 illustrates an example of a model for an atop Cu adsorbing site corresponding to a coverage of 0.125 ML. The structure relaxation is performed employing the standard VASP method without spin-orbit coupling (SOC) and making use of the generalized gradient approximation. Next, we use the relativistic version of the fullpotential linearized augmented plane-wave method (FP-LAPW), in which spin-orbit (SO) coupling is included in a self-consistent second-variational procedure. We use the rotationally-invariant relativistic LSDA+U method with the "fully localized limit" (FLL) form for the double-counting correction. The values for the Coulomb U = 3 eV and exchange J = 0.9 eV for Co and U = 3 eV and exchange J = 0.84 eV for Fe were used in LSDA+U calculations. Note that these values are in the ballpark of commonly accepted U and J for transitional 3d metals [48] .In these calculations, a set of k points equivalent to 49 k points in the full 2D BZ is used.
The spin m S , orbital m L , and 7m D dipole magnetic moments for the d states, for the magnetization along the x, y, and z axes (the x axis is chosen along the inplane hollow direction, the y axis is along the in-plane N chain direction, and z-axis is along the out-of-plane direction, perpendicular to the surface), are given in Table I for Co and Fe adatoms atop Cu and N. Small spin and orbital moments are also induced on neighboring Cu sites and quickly decay away from the magnetic Co and Fe atoms. In these calculations the charge/spin density self-consistency is performed for all three (x, y, z) directions of the magnetization. The results of the calculations in this bigger supercell do not differ qualitatively from those of the smaller supercell. In addition, in the case of the smaller supercell, we have found no significant dependence of the d-shell spin-and orbital moments on the number of layers of the Cu substrate. Therefore, we conclude that the results are representative also for the experimental case of diluted adatoms with a coverage of about 2% of a ML.
The Spin Hamiltonian:
At the conditions of the XMCD measurements (T = 8 K, B = 5 T ) the magnetic moments of the ensemble are not saturated. Since the anisotropy along a given crystallographic axis is different for all three species, each will reach a different degree of saturation and therefore 
for Co. We have used the SES anisotropies for the atop Cu site and the DFT value for the atop N site. In both cases the anisotropies were scaled such that (D * J 2 = const.). The spin and dipole moments have been taken from Table I in the paper and the Landé factor has been used for g. For comparison the XMCD determined value for Co is
will contribute differently to the measured averaged moments. Thus, we first have to estimate the degree of saturation of each species under the experimental conditions. We have employed the effective spin Hamiltonian used to describe the SES data for this purpose [15] :
This Hamiltonian is an approximation used if the orbital ground state of the system is not degenerate [30] . In our approach, we restrict ourselves to thermal excitations starting from the electronic ground state only, i.e. assume only one spin moment and its corresponding anisotropies. In principle thermal excitations may also populate electronic states that have different (spin) moment and anisotropies [2, 30, 49] . This is potentially a rather drastic simplification at the temperatures of the XMCD measurements (T = 8 K).
The first question to be answered in this Hamiltonian is which moment operator should be used. Considering that the DFT calculated magnetic moments are non integer values for the spin and orbital moments there is a range of operators that potentially qualify. To illustrate the dependence of the values discussed in the paper on the 
for Fe. All parameters were chosen as described in Table VI choice of the moment operator, we have listed in Tables  VI-VII Summarizing the above results we find that for any total moment operator that would agree with the SES spectra, i.e. being integer for Fe and noninteger for Co, the values measured with XMCD are rather insensitive to the value of the moment operator. This is the case for the operators on both adsorption sites. We can therefore not claim any significant preferences of one operator to be best agreeing to our data. We have checked that this conclusion also remains valid for a scaling of the anisotropy parameters to match the spin exciton energies found in SES measurements.
X-ray linear dichroism:
In addition to the circular dichroism experiments, we have measured the x-ray absorbtion for linear light polarization to reveal possible anisotropies in the electronic charge distribution of the d electrons of the impurities (Fig. 6) . In principal, together with the XMCD spectra, this information can be used to determine the underly- ing electronic and spin configuration of the adatoms via multiplet simulations. However, since in our system we average over two chemically different adsorption sites, we have not attempted this task. We would like to show these spectra nevertheless, as they might be very helpful for comparison in further studies.
Integrating the dichroic signal over the full energy range yields values significantly different from zero for Co. This is a clear sign of anisotropic charge distribution between out-of-plane and in-plane orbitals. Such effects are known to result in errors in the approximation I iso ≈ [50] .
